Adsorption behaviors of oxytetracycline onto sediment in the Weihe River were described. The impact factors in the processes of adsorption, such as contact time, solution pH, temperature, and ionic strength, were determined by experiments. The experimental results were analyzed by kinetic and isotherm models. The adsorption kinetics was found to follow a pseudo-first-order model. The equilibrium adsorption data fitted well with the Langmuir and Freundlich isotherm models. However, the Langmuir isotherm was more suitable to describe the adsorption. Thermodynamics parameters such as Gibbs-free energy change (Δ ∘ ), enthalpy change (Δ ∘ ), and entropy change (Δ ∘ ) were calculated. Results showed that the adsorption was feasible, spontaneous, entropy increasing, and endothermic in nature, which reached equilibrium in about 24 hours. The adsorption capacity did not cause obvious change at solution pH 4.0-7.0, and both decreased in solution pH 7.0-10.0 and 4.0-2.0. The presence of electrolytes such as NaCl in aqueous solution had a significant negative effect on the adsorption. The mechanisms controlling the adsorption were supposed to be chemisorption.
Introduction
Since tetracycline antibiotics (TCs) came into existence, they have been widely used in the treatment of various bacteria and rickettsia, chlamydia, mycoplasma, and so forth, which are considered as broad-spectrum antibiotics for human beings. Clinical research shows that TCs can directly enter the fetus through placental barrier and cause color change of teeth, badly regrown of enamel, and restraining the growth of bones [1, 2] . After the availability of other more effective medicines, TCs have been rarely used in human being. However, because they can act effectively against a wide range of disease-causing bacteria and have low price, TCs swiftly spread in livestock industry [3, 4] . According to preliminary statistics, the output of TCs is 9.7 × 10 4 t per year in China, more than 70% of which are used in the livestock industry [5] . Some research show that after animals are fed with TCs, about 25-75% [6] even 70-90% [7, 8] of the dose cannot be used by the animal bodies. Thus, it directly comes into the environment as its primary form or metabolin through urine or excrement, as a result, bringing potential risks to the environmental quality. Oxytetracycline (OTC) is the sort of the earliest and the most widely used TCs. The amount used in the livestock industry makes people astonished. Furthermore, it is drained easily through urine out of bodies [9] . Nowadays residual OTC has been already detected from soils [10] , rivers [11] , and sediments [12] , and so forth, in many countries and areas. Furthermore, OTC is hard to be degraded by organisms in the environment [13] . Therefore, the environmental risks caused by OTC become very concerned by the society.
In recent years, research on the environmental impacts from OTC mainly focused on environmental survey and the analysis of adsorption behaviors in soils. The factors such as soil types [14] , organic matter content [15] , particle size [16] , aluminum and iron hydrous oxides [3] , cation species [17] , play an important role in adsorption of OTC in soils. The removal of OTC mainly depends on its sorption on the sewage sludge and its degradation or transformation during the treatment. The sorption efficiency of OTC may be significantly altered by the initial concentration, the pH, the temperature, and the presence of other species in the solution [18, 19] . When polluted surface water (mainly river water) infiltrates to the subsurface system, river sediment is the important medium which influences the water movement and solute transport to the groundwater system. The adsorption characteristics of pollutants onto river sediment directly influence their mobility from the sediment-water interface to sediments beneath the channel surface. In a certain time, sediment is to adsorb and detain pollutants in sediment layers so that water can move through, preventing the groundwater from pollution [20, 21] . The persistence of this function is directly relevant to the adsorption characteristics of pollutants onto sediment. However, researchers have reported the adsorption characteristics of polycyclic aromatic hydrocarbon [22] , organochlorine pesticides [23] , florfenicol [24] , and so forth, onto different sediments while the adsorption behaviors of OTC onto the sediments in the Weihe River are rarely reported. The Weihe River is the biggest tributary of the Yellow River, and a large population resides in the Weihe River basin. Many cities and livestock industries lie along it. A large quantity of OTC enters the Weihe River through sewage system of municipal works. The previous survey along the Weihe River basin by the authors shows that there has been detected residue of OTC in the water, and the concentration level reaches the degree of ng/L ∼ g/L with great seasonal variations. Therefore, research on adsorption behaviors of OTC onto sediment in the Weihe River is important to understand the occurrence and tendency of OTC in the Weihe River basin. Such research also provides the theoretical basis for the effective prevention of OTC pollution to the groundwater system in the Weihe River basin.
This study collected sediment samples from several tributaries in the mid-Weihe River for systematical analysis of the impact factors in the processes of OTC adsorption onto the sediments. These factors include contact time, solution pH, temperature, and ionic strength. The experimental results were analyzed by kinetic and isotherm models. Thermodynamics parameters such as Gibbs-free energy change (Δ ∘ ), enthalpy change (Δ ∘ ), and entropy change (Δ ∘ ) were calculated. The mechanisms for OTC adsorption onto the sediment of the Weihe River were also examined.
Experimental
2.1. Sediment Samples. One sediment sample was collected from the confluence of the Fenghe River, the Bahe River, and the Shichuanhe River with the Weihe River, respectively. Thus, our experiments used a total of three sediment samples. The sampling points of sediment in different locations are shown in Figure 1 . The sediment samples were not polluted by OTC, and they were air-dried and sterilized for the lab Figure 2 . Methylalcohol in flowing phase was purchased from Waters Company (USA) with High Performance Liquid Chromatography (HPLC) grade. The other reagents are all in analytical grade.
Detection Method of OTC in Solution.
A Waters ACQUITY Ultra Performance Liquid Chromatography (UPLC) H-Class with ultraviolet/visible spectrophotometry detector and BEH Shield RP18 1.7 m 2.1 × 150 mm column was used for the quantification of OTC in solution, under the optimized conditions as follows: methanol/water = 50 : 50 as mobile phase, 0.2 mL/min of flow rate, 20 ∘ C ± 0.1 ∘ C column temperature, 5 L of injection volume, 260 nm detected wavelength, and 2.610 min of retention time.
Adsorption Procedure.
Adsorption experiments were conducted by Organization for Economic Co-operation and Development (OECD) batch equilibrium method [26] . For each time 0.2000 g sediments and 1 mL OTC solution were mixed in a 5 mL centrifuge tube, which was then shaken in a thermostat shaker at 150 rpm.
Adsorption Kinetics.
The kinetic studies were performed following a similar procedure at 25 ∘ C (298 K, pH 7.0), the initial concentration was set as 2.00 mg/L for each OTC in a series of reactors with the same specification, and the aqueous samples were separated at predetermined time intervals by using filter membranes of 0.22 m. The concentrations of OTC were analyzed by UPLC. Each experiment was duplicated under identical conditions and for each time interval two replicate samples were available. Blanks containing no OTC were done and the loss (generally quite low) was considered. The uptake of OTC at time , (mg/kg), was calculated by the following equation:
where 0 and are the initial and time's concentrations of the OTC (mg/L) in the solution, respectively, V is the volume of the solution (L), and is the weight of the sediment samples (g).
Adsorption Isotherm.
In adsorption isotherm studies, solutions with different initial concentrations were added, which ranged from 0.2 to 10 mg/L (0.2, 0.5, 1.0, 2.0, 5.0, and 10 mg/L, pH 7.0), and the equilibrium time was set as 24 h, which was long enough according to the kinetic studies. The aqueous samples were separated by using filter membranes of 0.22 m. The concentrations of OTC were analyzed by UPLC. Each initial concentration had two replicate samples. Blanks containing no OTC were done and the loss (generally quite low) was considered. The uptake of OTC at equilibrium, (mg/L), was calculated by the following equation:
where is the equilibrium concentration of the OTC (mg/L) in the solution. ∘ C (318 K). After 24 h, the aqueous samples were separated by using filter membranes of 0.22 m. The concentrations of OTC were analyzed by UPLC. Blanks containing no OTC were done and the loss (generally quite low) was considered. and valence state after ionization, thus each sample had the same ion strength) at 25 ∘ C (298 K). After 24 h, the aqueous samples were separated by using filter membranes of 0.22 m. The concentrations of OTC were analyzed by UPLC. Blanks containing no sediment samples were done. ∘ C (298 K). After 24 h, the aqueous samples were separated by using filter membranes of 0.22 m. The concentrations of OTC were analyzed by UPLC. Blanks containing no NaCl were done.
Effect of Ionic

Results and Discussion
Adsorption Kinetics.
The adsorption of OTC onto sediment samples as a function of contact time at solution pH 7.0 is shown in Figure 3 . Results showed that the rate of adsorption was rapid at the first 12 hours and gradually decreased with increasing contact time until equilibrium was attained, which was considered at 24 hours. It was possible that at the beginning of adsorption, there existed enough sorption sites on the surface of sediment samples which was beneficial to adsorption of OTC. Furthermore, the initial concentration of OTC provided the necessary driving force to overcome the resistances of mass transfer between the aqueous phases and the solid phase. With increasing contact time, sorption sites on the surface of sediment samples were close to saturation which made adsorption of OTC transfer from the surface into void of sediment samples. Due to the increase of the resistance function, the rate of adsorption was gradually decreased until equilibrium was attained [27] . Two widely used kinetic models, pseudo-first-order and pseudo-second-order kinetic models, were employed to interpret the kinetics results. The linearized form of pseudofirst-order kinetic model is given as follows [28, 29] :
where (mg/kg) and (mg/kg) are the OTC adsorption capacities for sediment samples at the equilibrium and at any time t (h), respectively. 1 (1/h) is the rate constant of pseudofirst-order kinetic model. The linear plot (Figure 4 ) of ln( − ) versus was used to calculate the rate constant 1 , the equilibrium adsorption capacity , and the determination coefficient 2 , and the results are given in Table 2 . The linearized form of pseudo-second-order kinetic model is given as follows [28, 29] 
where 2 (kg/mg⋅h) is the rate constant of pseudo-secondorder kinetic model. The values of equilibrium adsorption capacity and rate constant 2 , calculated from the intercept and the slope ( Figure 5 ) of the linear plot of / versus t, along with the value of determination coefficient 2 , are listed in Table 2 .
The 2 values obtained by the pseudo-first-order kinetic model were very high, and the calculated values were in good agreement with the experimental results, suggesting the applicability of the pseudo-first-order kinetic model to describe the adsorption kinetics data of OTC onto the sediment samples.
Adsorption Isotherm.
The adsorption isotherms of OTC onto sediment samples were studied at 25 ∘ C (298 K) and solution pH 7.0. Results showed that the OTC adsorption capacity increased with increasing the equilibrium OTC concentration. Two-parameter isotherm models (Langmuir and Freundlich) were used to fit the experimental data which are shown in Figure 6 .
The linearized form of Langmuir isotherm model can be written as [30] 
where (mg/L) is the equilibrium concentration of OTC in solution.
(mg/kg) is the OTC adsorption capacity onto sediment samples. max (mg/kg) is the maximum OTC adsorption capacity onto sediment samples.
(L/mg) is the Langmuir isotherm constant related to the free energy of adsorption. The values of max and can be calculated from the intercept and the slope of the straight line of the linearized form of the Langmuir isotherm.
The linearized form of Freundlich isotherm model can be written as [30] 
where ((mg/kg)(L/mg) 1/ ) and 1/n are the Freundlich constants which are related to the adsorption capacity and adsorption intensity, respectively. The values of and 1/n can be calculated from the intercept and the slope of the straight line of the linearized form of the Freundlich isotherm. The parameters of Langmuir and Freundlich isotherm models for OTC adsorption on to sediment samples, along with the values of determination coefficient (
2 ) are given in Table 3 .
The values of 2 for Langmuir and Freundlich isotherm models were both high, and the values of 2 for Langmuir isotherm model was a little higher. Generally speaking, the value of 2 is widely used to investigate the applicability of a model in fitting to data. However, it cannot be the only standard due to the inherent deviation of linear regression. For the purpose of quantitatively comparing the applicability of Langmuir and Freundlich adsorption isotherms in fitting to data, the following four error functions were employed for error analysis [31] .
The sum of the squares of the errors (SSE): The sum of the absolute errors (SAE):
The hybrid fractional error function (HYBRID):
Normalized percentage standard deviation (NPSD):
where ,exp and ,cal are, respectively, the experimental values and calculated values by the adsorption isotherm and and refer to the number of data points and the number of isotherm parameter, respectively.
The error analysis results for OTC adsorption onto sediment samples of Langmuir and Freundlich isotherm models in this study are shown in Table 4 .
By inspecting Table 4 , it further proved that the Langmuir isotherm was more suitable to describe the adsorption behavior of OTC onto sediment samples as it gave a comparatively lower error function compared with the Freundlich model. The essential characteristics of the Langmuir isotherm can be expressed in terms of a dimensionless constant separation factor, , which is defined as follows [30] :
where 0 (mg/L) is the initial concentration of OTC in solution. The adsorption is considered favorable when 0 < < 1 and linear when = 1 [32] . The values of obtained in this study were between 0.9007 and 0.9484 (Table 3) which were close to 1, indicating that the adsorption of OTC onto sediment samples was favorable. The Langmuir isotherm model presents linearity at low equilibrium concentration which is fitting to the data.
Thermodynamics.
The adsorption of OTC onto sediment samples were studied as a function of temperature (298 K, 308 K, 318 K) at solution pH 7.0. The above experimental data were evaluated by Langmuir isotherm model (Figure 7) as it is more suitable to describe the adsorption behavior of OTC onto sediment samples. The obtained results are listed in Table 5 . The values of for the Langmuir isotherm at 298 K, 308 K, and 318 K were used to calculate thermodynamic parameters such as Gibbs-free energy change (Δ ∘ ), enthalpy change (Δ ∘ ), and entropy change (Δ ∘ ) using the following equations [30, 33] :
where (L/mol) is the Langmuir constant. R (8.314 J/mol⋅K) is the gas constant. T (K) is the absolute temperature. The values of Δ ∘ and Δ ∘ can be calculated from the intercept and the slope of the linear plot of ln versus 1/T. The obtained values of thermodynamic parameters for OTC adsorption onto sediment samples are given in Table 6 .
Results showed that the OTC adsorption capacity for sediment samples increased with increasing temperature, which indicated that the adsorption of OTC onto sediment samples was favored at higher temperature. The negative values of Δ ∘ suggest the feasibility of the adsorption of OTC onto sediment samples and the spontaneous nature of the adsorption process [34] . The positive values of Δ ∘ indicate that the adsorption process is endothermic in nature [35] . The positive values of Δ ∘ show an increase in randomness at the solid/liquid interface during the adsorption process [36] .
Effect of Solution pH.
Solution pH usually influences the adsorption to a large extent, as it affects the properties of both adsorbent and adsorbate. Furthermore, the pH of the solution affects the degree of ionization and the speciation of tetracycline hydrochloride which subsequently leads to a change in adsorption kinetics and equilibrium characteristics [37] . The effect of solution pH on OTC adsorption onto sediment samples as well as OTC existence forms in different conditions is shown in Figure 8 . It was observed that the adsorption capacity of OTC onto sediment samples from solution pH 4.0 to 7.0 did not cause obvious change. However, from solution pH 2.0 to 4.0 and 7.0 to 9.0, the adsorption capacity both decreased, and it decreased more sharply from solution pH 7.0 to 9.0. After solution pH reached 9.0, the adsorption capacity decreased lightly. The surface charge property of soil and sediment is related to its pH of zero point charge (pH ZPC ). When the environmental pH < pH ZPC , the surface of soil and sediment is positively charged while the environmental pH > pH ZPC , the surface of soil and sediment is negatively charged [38, 39] . Chang et al. had already reported that tetracycline exist forms in different pH [40] . While solution pH ≤ 3.0, OTC is in its cationic form of OTCH 3+ and it may help decreasing electrostatic attractions between the sediments surface and itself. Moreover, in such a low pH, the competition between hydronium and OTCH
3+
for sorption sites could partially offset the uptake of OTC. At solution pH 4.0-7.0, the OTC is in its zwitterionic form OTCH 2 0 . It is controversial that the higher uptake of OTC in its zwitterionic form at solution pH 4.0-7.0 could be dominated by other interactions such as complexation [40] . While solution pH > 7.0, OTC is negatively charged which resulted in increasing repulsion with the sediment surface.
Effect of Ionic Strength.
The adsorption of OTC onto sediment samples as a function of ionic strength is shown in Figure 9 . The result confirms that the presence of electrolytes such as NaCl in aqueous solution had a significant negative effect on OTC adsorption onto sediment samples. When the ionic strength of the aqueous solution increased from 0 to 17.11 mmol/L, the OTC adsorption capacity all decreased. For the sampling point 1, it decreased from 1.9432 to 0.4961 mg/kg while it decreased from 2.1153 to 0.6513 mg/kg for the sampling point 2, and for the sampling point 3, it decreased from 2.3283 to 0.8416 mg/kg.
Conclusion
The adsorption of OTC onto the sediment samples from the Weihe River got equilibrium in about 24 hours. The adsorption kinetics of OTC onto the sediment samples was found to follow a pseudo-first-order model. The equilibrium adsorption data of OTC fitted well with Langmuir and Freundlich isotherm models. However, the Langmuir isotherm was more suitable to describe the adsorption behavior of OTC onto these sediment samples because it gave a comparatively lower error function compared with the Freundlich model. The calculated thermodynamic parameters showed that the adsorption of OTC was feasible, spontaneous, entropy increasing, and endothermic in nature, and the adsorption capacity increased with increasing temperature. The adsorption capacity of OTC did not cause obvious change at solution pH 4.0-7.0, and both decreased with an increase in solution pH from 7.0 to 10.0 and a decrease in solution pH from 4.0 to 2.0. The presence of electrolytes such as NaCl in aqueous solution had a significant negative effect on OTC adsorption onto sediment samples. The mechanisms controlling OTC adsorption onto these sediment samples were supposed to be chemisorption as the equilibrium adsorption data of OTC fitted well with Langmuir isotherm models. However, the calculated thermodynamic parameters indicated that the mechanisms controlling OTC adsorption may involve other sorption forms which needs a further study.
